A synergic analysis method based on ellipsometric parameters and reflectivity is proposed to simultaneously determine the thickness and the thickness-dependent dielectric functions of metallic thin films on the opaque substrate. Both the ellipsometric parameters and reflectivity are measured by one spectroscopic ellipsometer. The proposed method consists of a point-by-point synergic regression analysis on the ellipsometric parameters and the reflectivity as well as an oscillator-parametrization regression analysis on the ellipsometric parameters. The oscillatorparametrization model is composed of the Drude oscillator, two TaucLorentz oscillators and a Lorentz oscillator, which describe the intraband, the interband and the plasmon contributions to the dielectric functions, respectively. Practical measurement experiments on a series of Cu thin films deposited on Si substrates have been carried out for demonstration, in which a broad spectral range of 0.73-4.96 eV has been covered. The relative deviations between the thicknesses reported by our method and reported by Atomic Force Microscopy and Transmission Electron Microscopy are less than 3.5%, which verifies the validity and the accuracy of the proposed method. Meanwhile, the results of oscillator-parametrization regression analysis indicate that both the real part ε 1 and the imaginary part ε 2 of the dielectric functions decrease with the increasing Cu film thickness in the range of 6.8-12.9 nm. Besides, the fitting results also exhibits that both the plasma energy and the Drude relaxation time increase monotonically with the thickness increasing, in which the increasing of Drude relaxation time can be attributed to the increasing of surface scattering time.
Introduction
It has been widely reported that the dielectric functions of the metallic thin films are significantly different to those of the corresponding bulk materials due to the downscaling [1] [2] [3] . The metallic thin films, such as noble metal films [4] and metal alloy films [5] , have attracted plenty of research interests and been comprehensively applied in many fields such as plasmonic materials [6] , semiconductor devices [7] , magnetic DRAM [8] , optical meta-materials [9] and optical coating stacks [10] , etc. Since the performances of these films heavily depend on their thicknesses and dielectric functions, it is highly desirable to precisely characterize these parameters of such metallic thin films for better applications.
Due to the advantages, such as high sensitivity and nondestructive, spectroscopic ellipsometer (SE) has been practically used as a standard metrology tool for the optical constants and thin film thickness [11] [12] [13] . However, there exists a strong correlation between the thickness and the dielectric function of the metallic thin film [14] , which acts as an inevitable barrier to simultaneously determine the thickness and the dielectric function for such a thin film sample in one trial. In the past decades, several improvements have been proposed to decouple such a correlation and consequently ensure the accurate measurement of the metallic thin films [15] . These improvements, including the multiple-angle measurement [16] , the interference enhancement [17] , the dielectric function parametrization modeling [18] and the method combining SE and transmittance [19] , have been successfully applied in the measurements of the metallic thin films of various types. However, these methods also have exhibited specific limitations. For instance, the effective implementation of the multiple-angle measurement relies on a prior condition that new information about the sample can be acquired by varying the incident angles [20] . This prior condition is rather harsh for lots of ultrathin metal films and difficult to be satisfied. Interference enhancement has been demonstrated and applied on measuring the thickness and the dielectric function of CoFeB [21] . However, an additional manufacturing process needs to be introduced to add a rather thicker transparent film below the metallic layer, which raises the cost and the complexity of the experiments. Utilizing some dispersion equations to describe the dielectric functions of metallic thin films [22] is an effective strategy to significantly reduce the total number of unknown parameters. But unfortunately, identifying an accurate dispersion model for the metallic film usually needs too much prior knowledge. And it is extremely difficult to obtain the unique value of thickness through simultaneous fitting the thickness and dielectric function based on the dispersion equations, due to the strong coupling effect between the thickness and dispersion model, when the film is ultrathin. By additionally introducing the transmittance measurement in SE metrology, the achieved information about the sample has been remarkably enhanced [23] , and consequently, a unique solution set of the thickness and the dielectric function can be possibly found via the regression analysis of ellipsometric parameters and transmittance [24, 25] . Slightly differently, the method combining in situ transmitted SE and transmission intensity has also been reported to simultaneously determine the thickness and the dielectric function of metallic thin films such as Al, Co, Mo and Ti films [26] . However, the metallic thin films should be deposited on transparent substrates due to the measurement of transmittance, which limits the application. Although reflected intensity has been reported having similar sensitivity as transmitted intensity using regression based multi-angle measurements [15] , due to the noises in the intensity data as well as the possible inappropriate angle combination selection, abnormal oscillations in the resulted dielectric function and insufficient information may degrade both sensitivity and robustness. In the worst cases, unique solution might be difficult to be achieved. Besides, the method combining the total internal reflection ellipsometry with standard ellipsometry and reflectometry has been adopted to measure the dielectric function and the thickness of Ag films with the enhanced sensitivity to the measurand [27] [28] [29] . However, an additional BK7 prism should be added on the transparent substrate, which increases the complexity of the experiment and the corresponding forward optical model.
In this paper, a synergic analysis method based on ellipsometric parameters and reflectivity has been proposed, which enables the simultaneous determination of the thickness and the dielectric function for the metallic thin film. Both the ellipsometric parameters, including the amplitude ratio and the phase difference between p-and s-components, and the reflectivity are acquired using one ellipsometer. With the establishment of the forward optical model corresponding to the metallic thin film, the accurate thickness and a rough dielectric function can be extracted using the point-by-point synergic regression analysis of the ellipsometric parameters and the reflectivity. Then, with a Drude-Dual-TaucLorentzLorentz dispersion model we proposed and the achieved thickness, the accurate dielectric function will be obtained by applying the oscillator-parametrization regression analysis on the ellipsometric parameters. Practical experiments on measuring a series of Cu thin films deposited on Si substrates have been sequentially carried out for demonstration. The results clearly show the coupling effect between the thickness and dielectric function of these samples. And by comparing with the thicknesses reported by Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM), the validity and the accuracy of the proposed method have been verified. Furthermore, the thickness-dependent dielectric function, the plasma energy, the Drude relaxation time, and the surface relaxation time of the Cu thin films, have been discussed as well.
Method
Essentially, the thickness and the dielectric function are obtained by fitting the measured ellipsometric parameters and reflectivity with the calculated ones using a forward optical model. Accordingly, the method consists of two steps: one is the acquisition of the ellipsometric parameters and the reflectivity using an ellipsometer, and the other is the synergic regression analysis strategy based on the forward optical model.
Metrology of ellipsometric parameters and reflectivity
If the metallic thin films are isotropic, an arbitrary set of measured ellipsometric parameters can be expressed as equation (1) 
where ρ meas is the ratio of reflection coefficients r p and r s respectively for p-and s-components. |r p | and |r s | are the amplitude of r p and r s , respectively. δ p and δ s represent the phase-shifts of p-and s-components, respectively [30] [31] [32] . Both ψ meas and Δ meas are the measured ellipsometric parameters.
In contrast with the measurement process of ellipsometric parameters, each reflectivity measurement of the metallic thin film consists of the intensity measurements on a reference sample and the metallic thin film under specific incident angles. Usually, the standard SiO 2 film on a Si substrate with the nominal thickness of 25 nm is selected as the reference sample. Accordingly, the reflectivity R meas measured by the SE can be calculated using
where I S and I R are the measured light intensities for the films and the reference sample, respectively. I DC represents the direct-current component. R R is the reflectivity of the reference sample contained in the library of the software for SE, which can be calculated from the forward optical model.
Data analysis
The optical responses of the ideal metallic thin films to the probing light, such as ψ meas , Δ meas and R meas , can be approximated by a forward optical model employing an ambient/surface layer/metallic thin film/intermediate layer/ substrate structure as shown in figure 1 . An intermediate layer has been inserted between the substrate and the metallic thin film to be characterized, which is used to consider the possible effects of the roughness and native oxide layer on the Si substrate. By parametrizing each layer with the corresponding complex dielectric function and the thickness, the interaction between the probing light and the sample can be described based on the Fresnel optical interference [33] . At the interesting metallic film thickness, the anomalous skin effect possibly has influence on the reflection coefficients [34, 35] . where I r and I i are the intensities of the reflected and incident light, respectively. I ip and I is are the intensities of p-and s-components of the incident light, respectively. I rp and I rs stand for the intensities of p-and s-components of the reflected light, respectively. R p =|r p | 2 and R s =|r s | 2 represent the reflectivities of p-and s-components, respectively. η ps =I ip /I is is the intensity ratio of p-and s-components of the incident light. η ps is very close to unity due to the averaging effect of the polarization modulation in a SE, whose exact value can be obtained through the calibration of SE with the standard SiO 2 film. With the usage of the calibration value of η ps , R calc can be calculated from the forward optical model based on the Fresnel optical interference.
Considering that ψ meas , Δ meas and R meas are transcendental functions of the thickness and the dielectric function of the metallic thin film, we introduce a weighted least-squares regression analysis to reconstruct the thickness and the dielectric function [36] . Meanwhile, due to the strong correlation between the thickness and the dielectric function, the above regression analysis is further divided into two steps, i.e. a point-by-point fitting and a whole-spectrum fitting, as shown in figure 2 . The point-by-point fitting process enables the global search of the thickness and the decoupling of the thickness and the dielectric functions. Specifically, during the point-by-point synergic fitting, the thickness is firstly traversed in a pre-estimated range
At each traversed value of thickness, the ψ meas , Δ meas and R meas are simultaneously fitted by adapting the ε 1 and ε 2 at each wavelength, and correspondingly, the mean square error (MSE) at each wavelength will be calculated based on the merit function of fitting defined as equation (5). By summing the MSE at each wavelength, the total MSE corresponding to each traversed thickness d i can be obtained. When the minimum of the total MSE is achieved, the corresponding approximate thickness d m of the metallic thin film can also be determined. Then, the above point-by-point synergic fitting will be carried out for the second time in a smaller preestimated interval [d 3 d 4 ] containing d m with a refined increment δd. Similarly, the extracted thickness d of the metallic film can finally be determined when the minimum of the total MSE is achieved.
where d represents the traversed thickness. ε 1,i and ε 2,i are the extracted real part and imaginary part of dielectric function at the ith wavelength, respectively. MSE i is the MSE at the ith wavelength. ψ measi , Δ measi and R measi are the measured ellipsometric parameters and reflectivity at the ith wavelength, respectively. And ψ calci , Δ calci and R calci stand for the calculated ellipsometric parameters and reflectivity at the ith wavelength from the forward optical model, respectively.
Since the accuracy of ε 1 and ε 2 extracted from the pointby-point fitting will be seriously degraded by the noises in the measured data, we have proposed an oscillator-parametrized model to describe the dielectric function of the metallic thin film for the whole-spectrum fitting of ψ meas and Δ meas . In the model, the optical constants of the intermediate layer and Si substrate are quoted from [20] , and the thickness of the intermediate layer will be set as the extracted value from the ellipsometric measurement of original Si substrate. Supposing a Cu thin film deposited on a Si substrate is the object of study, the corresponding dielectric function can be described by the superposition of a Drude oscillator, two TaucLorentz oscillators and a Lorentz oscillator, shown as equation (6) The Drude oscillator ε Drude is dominated by the intraband transitions of the free electrons in the metallic thin films [37] , which is used to describe the dielectric function of Cu film in the spectrum from the near-infrared to the visible light. The corresponding equation can be expresses as,
where ε ∞ is the high frequency dielectric constant due to the effect of interband transition at much higher energy. En is the photon energy in the range of 0.73-4.96 eV, which determined by the spectrum of ellipsometer. E p =ÿω p is the energy corresponding to the bulk plasma frequency ω p . ÿ is where ε 0 is the vacuum permittivity, e is the charge of electron. The Drude relaxation time τ Drude describes the scattering mechanism of the free electrons in the metallic thin films, including the bulk scattering effect and the surface scattering effect [39] . The former is induced by the collisions between electrons and phonons, the collisions between electrons and electrons, and the collisions between electrons and the grain boundaries [40] . The latter arises are caused by the diffuse scattering of electrons at the surface of Cu film, which leads to the strong absorption of noble metals in the near-infrared band [39] . The corresponding equation are shown as equation (7.3), where τ bulk and τ surface are the bulk relaxation time and the surface relaxation time, respectively. τ ep , τ ee and τ eb represent the electron-phonon relaxation time, the electron-electron relaxation time and the electron-grain-boundary relaxation time, respectively. In the studied spectrum from the near-infrared to the visible light, the inverse time of flight of Fermi electron in the studied Cu film becomes comparable with or slightly less than the frequency of electromagnetic wave, the anomalous skin effect should be carefully considered in the surface relaxation time τ surface [41] . Correspondingly, the surface relaxation time can be shown as,
where v F and c are the Fermi velocity and the light velocity, respectively. The Lorentz oscillator ε Lorentz describes the plasmons behavior at near-infrared spectrum or higher [32, 42] . The corresponding equation can be expressed as,
where E Lorentz , A Lorentz and Г Lorentz stand for the plasmon resonance energy, the resonance strength and the broadening parameter, respectively. Usually, the interband transition contribution to the dielectric function of noble metals can be roughly described by combining several Lorentz oscillators [43] or several critical point oscillators [44] . However, the former has not sufficiently considered the asymmetric line shape of the absorption peaks in the interband transition spectra, and the latter possesses an even worse fitting result in the near-infrared spectra for ε of bulk Cu [45] . Here, we introduce a dualTaucLorentz oscillator model to describe the dielectric responses of Cu films in the interband transition region [46] as,
where ε 1,TaucLorentz and ε 2,TaucLorentz are the real part and the imaginary part of the TaucLorentz oscillator, respectively. ε 1,TaucLorentz is derived from ε 2,TaucLorentz by using the Kramers-Kronig relations [47, 48] . A i , C i and E i stand for the amplitude, the broadening parameter and the position of the ε 2,TaucLorentz,i peak, respectively. Eg i is the corresponding optical bandgap. In equations (6)-(10), the fitting coefficients in the dielectric function model including E ∞ , E p , Г Drude , E Lorentz , A Lorentz , Г Lorentz , A 1 , C 1 , E 1 , Eg 1 , A 2 , C 2 , E 2 and Eg 2 , while N e , e, m * , ε 0 , τ ep , τ ee , τ eb , τ surface and v F are regarded as material constants. In our model, the thickness dependency of N e and τ surface would be discussed thoroughly in the later section. Before the whole-spectrum fitting of ψ meas and Δ meas , the proposed dielectric function model of Cu film has been fitted with the dielectric function of bulk Cu reported by [45] to verify the validity of the dielectric function model, in which a broad spectral range of 0.73-4.96 eV has been covered. The fitting process are carried out via a commercial analysis software (Eometrics, Wuhan Eoptics Technology Co., Wuhan, China). The values of E ∞ , E p , Г Drude , E Lorentz , A Lorentz , Г Lorentz , A 1 , C 1 , E 1 , Eg 1 , A 2 , C 2 , E 2 and Eg 2 obtained from such a fitting process will be used as the initial values of the dielectric function in a followed fitting process of ψ meas and Δ meas .
As the thickness of the metallic thin film has been determined through the point-by-point analysis, these coefficients in the dielectric function model can be refined using the whole-spectrum fitting analysis of ψ meas and Δ meas . The 
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where N and M are the total number of wavelength points and the extracted coefficients, respectively.
Experiments
In order to adequately verify the validity and the accuracy of the proposed method, experiments on a series of Cu thin films deposited on Si substrates have been carried out.
Samples preparation
In the experiments, the Cu thin films were sputtered on the Si substrates from the Cu target with purity of 99.999% by using a magnetron sputtering coating system (TPR-450, China) with the mode of DC-sputtering. The sputtering chamber was vacuumed to 5×10 −3 Pa to drive out the oxygen and water vapor. The sputtering was carried out in Ar (99.99% purity) plasma under a working pressure of 0.3Pa at 300K. Before sputtering, a pre-sputtering process was introduced to remove oxides or other organic impurities from the surface of Cu target. The distance between the target and Si substrate is 35 cm during the sputtering. Before the sputtering, the Si substrate was firstly ultrasonically cleaned by acetone and ethanol for 5 min, respectively. Then the substrate was rained with deionized water and dried with nitrogen flow. Due to the fairly low sputtering power of 50 W, the growth rate of Cu films is less than 0.4 nm s −1 . Thus the film surface is smooth so that the roughness can be ignored, where the smooth interface assumption can be supported by the TEM results shown in the next section. By setting different sputtering time, a series of the Cu thin films with different thicknesses were deposited on the Si substrates. The sputtering time and the nominal thickness of each Cu film were given in table 1. After sputtering process, these samples will be immediately measured to minimize the effects of natural oxidation.
At the same time, reference samples with stairs were fabricated using DC-sputtering combined with lithography, which enables the accurate thickness determination using AFM. The corresponding preparation procedures were shown in figure 3 . Firstly, the AZ-5214 photoresist was spun on the Si substrate by a spin coater operating at 4000 rpm for 60 s. Then, the rectangle pattern was constructed by exposing under a mask, and the photoresist structure has been obtained by developing in RD6 solution. Subsequently, Cu layers with different thicknesses have been sputtered on the surface by DC-magnetron sputtering operating at the aforementioned processing parameters. With the samples being immersed in the acetone solution, the photoresist was dissolved with a little retained photoresist. After the retained photoresist was removed by the O 2 plasma within several minutes, a welldefined step between Cu layer and Si substrate had been obtained.
Measurement of XRD, AFM and TEM
Immediately, the x-ray powder diffraction pattern of the Cu film with nominal thickness of 10 nm has been measured by x-ray diffraction meter with Cu Kα radiation (PANalytical PW3040-60 MRD), and the result is shown as figure 4 . The diffraction pattern for the Cu film has three peaks at 43.34°, 50.48°and 74.17°, corresponding to (111), (200) and (220) of Cu (ICSD-53247), respectively. No diffraction peaks corresponding to the oxide and the hydroxide of copper have been observed in figure 4 . However, it is worth to note that it is still possible existing a few copper oxides and hydroxides in the samples due to the dirty base pressure and the impure 
Ellipsometry and reflectometry
After the deposition processes, ψ meas , Δ meas and R meas of these Cu films have been immediately measured by a commercial SE (ME-L, Wuhan Eoptics Technology Co., Wuhan, China) in a wide spectral range from 0.73-4.96 eV under the incident angles of 60°, 65°and 70°. The original Si substrate without Cu covered was also been measured by SE to identify the thickness of the native oxide layer, which has been determined as 1.79 nm and will be used as an input parameter in the experiment. The point-by-poNint fitting program is self-implemented software using MATLAB, whose flow chart is shown in figure 2 . The whole-spectrum fitting program is carried out via a commercial analysis software (Eometrics, Wuhan Eoptics Technology Co., Wuhan, China).
Results and discussion
After the measurement of the ellipsometric parameters and the reflectivities of Cu films, the point-by-point fittings of ψ meas , Δ meas and R meas have been implemented and the corresponding thickness of Cu films are determined. The fitting results of Cu film with sputtering time of 40 s under the three incident angles are exhibited in figure 6 . We find that both ψ meas and Δ meas are well fitted with the values calculated using the forward optical model. As for R meas , although there exists slight deviations less than 0.01 between R meas and R calc , all the line shapes of the three R meas spectrum are well fitted. It is worth to note that the changes of incident angles introduce no conspicuous deviations in the fitting results of ψ meas , Δ meas and R meas . Therefore, in the rest part of this paper, the regression analysis on ψ meas , Δ meas and R meas measured at the incident angle of 60°is only discussed. Figure 7 shows the fitting results of the Cu films with different thicknesses under the incident angle of 60°. Similar to the results presented in figure 6 , both ψ meas and Δ meas of each Cu film have been well fitted with the calculated ones. And R meas of each Cu film is also fitted well with small fitting deviation less than 0.01. Considering that these Cu films has been measured for three times, the average thickness, the standard deviations of thickness and the total MSE are determined and listed in table 2. It should be noted that all the values are the effective thicknesses of Cu films due to the possible rough or oxide layer on the Cu films. However, due to the low sputtering power and the short exposure time in air between fabrication and measurement, the roughness and oxidation effects can be ignored.
Meanwhile, point-by-point fittings of the single-angle ψ meas and Δ meas and the multi-angle ψ meas and Δ meas combining with R meas or without R meas have also been carried out to extract the thicknesses of Cu films. Correspondingly, the total MSE curves achieved on the Cu film with sputtering time of 40 s are exhibited in figure 8 . The results shown in figure 8 indicate that the uniqueness of the fitting results extracted using the proposed method is remarkably better than the ones extracted using other fitting methods, which reflects the optimal sensitivity and robustness of the proposed method. As shown by the blue dash line in figure 8(a) , although the MSE achieved by fitting the single-angle ψ meas and Δ meas without reflectivity input is extremely small, the method is insensitive to extracting the thickness. Meanwhile, the results in figure 8(b) show that no unique solution of thickness can be achieved by multi-angle data no matter if the reflectivity is used. Such phenomena can be attributed to the large fitting errors of multi-angle ψ meas and Δ meas or the possible inappropriate selection of incident angle combination. In Fact, the uniqueness of the fitting results for all the film samples obtained by the proposed method is noticeably better than the ones obtained using other fitting methods, which highlights the necessity and worth of the proposed method.
As shown in table 2, the measured thicknesses reported by the proposed method, AFM and TEM are in a good agreement. It is worthy of noting that inconspicuous oxide layers on the Cu films have been observed in figures 5(g)-(i) and the Cu films observed in figures 5(b)-(f) are rather smooth, which identify the validity of neglecting the roughness and oxidation effects on the Cu films in the previous discussions. It has been noticed that the results on the sample with the sputtering time of 10 s reported by AFM and the proposed method have relative error larger than 30%. It might be due to the isolated island structure in the surface of Cu film with a such short sputtering time. In fact, with the sputtering time increasing, the Cu film will be gradually formed from the 
granular film to the continuous film according to the results in figure 5 . Namely, the first Cu film shown in figure 5(a) is distributed with isolated islands, and the Cu films shown in figures 5(b)-(f) are continuous and flat. The former may be due to the low mobility of adatom caused by the residual stress in the interface between Cu film and Si substrate [49] . And the latter can be attributed to the coalescence of islands and the channel filling due to the increasing mobility of the deposited Cu atoms [50] . It is worth to mention that ψ meas , Δ meas and R meas of Cu film with thickness of 3.9 nm are remarkably similar to that of Si substrate [20] . Meanwhile, these parameters of Cu films with larger thickness are distinctly different from that of Si substrate. It indicates that ψ meas , Δ meas and R meas of the ultrathin film can be primarily attributed to the optical properties of Si substrate, which could be an evidence showing the partial covering status of the Cu layer on Si substrate. In addition, it further shows that the percolation threshold of Cu film is between 3.9 and 6.8 nm, which is similar to the corresponding value of Au [42] . Correspondingly, the thickness of 3.9 nm measured by SE is only a roughly equivalent value from the point-by-point fitting. In addition, the results in figure 5(g) indicated that the Cu film is indeed uncontinuous and the maximum thickness of 3.8 nm can be clearly observed by TEM. Moreover, all the absolute deviations between the thicknesses measured by the proposed method and by AFM or TEM are less than 1 nm. The consistent results show that the smooth surface assumption is valid. Meanwhile, the results of multi-point measurement have also verified this assumption. Besides, the results of Energy Dispersive x-ray spectroscopy measurement for Cu film with thickness of 3.9 nm, companied with TEM, shows that the ratio of the mass fraction of oxygen to copper on the surface of Cu film is less than 1/16. The result implies that the surface oxidation can be omitted in the analysis of thickness. As for the fluctuation of dielectric properties of Silicon dioxide in lateral direction, the effect could be omitted according to the results reported by [20] Thus, the influence of the fluctuation of dielectric properties of Silicon dioxide in lateral direction has been omitted in proposed method.
With the thicknesses of the thin films being determined, the dielectric functions can be extracted by fitting ψ meas and Δ meas based on the proposed parameterized-oscillators model as well. Correspondingly, the fitting coefficients in the dielectric function model are listed in table 3. It is worth to note some irregular changes on the coefficients of the interband transition contributions have been observed, similar to the results reported in [22] . Although the influence of the thickness on the interband transition contributions of dielectric functions is quite complicated and needs further study, the thickness dependences of the coefficients in the intraband transition contributions in table 3 are conspicuous.
Figures 9(a) and (b) show the thickness-dependent real part and the imaginary part of dielectric functions, respectively. Moreover, with the thickness increasing, more and more obvious Drude features of the curves of ε 1 are exhibited, which manifests the stronger metallicity. As for ε 2 , the thickness dependency in near-infrared spectral range is more conspicuous. Furthermore, the thickness dependency of the real part and the imaginary part of the dielectric function at some photon energy has also been investigated, as shown in figures 9(c) and (d), respectively. It indicates that at low photon energy, both the real part and the imaginary part of dielectric functions show strong thickness dependency, while at high photon energy, the thickness dependency becomes quite weak. The critical photon energy distinguishing whether the thickness dependency is significant is about 2.478 eV, which is very close to the absorptive peak of bulk Cu due to the first interband transition. These results indicate the unconspicuous thickness dependency of dielectric functions in the high photon energy range might be responsible for the abnormal variation of the coefficients of the interband transition contributions.
Further, we have studied the thickness dependence of the coefficients in the Drude oscillator according to the results in table 3, as shown in figures 10(a) and (b). When the thickness is increasing from 6.8 to 12.9 nm, the plasma energy E p increases monotonically and the relaxation energy Г Drude decreases monotonically, which has been observed in [3, 22, 42] as well. According to equation (7.2) , the increasing of plasma energy E p can be attributed to the increasing of N e /m * , i.e. the increasing of conduction electron density N e or the decreasing of electron effective mass m * . As the Cu films become denser when the thickness increases, the number of Cu atoms per unit volume in the film increases, which means the increasing of the conduction electrons. It is reasonable to attribute the increasing of plasma energy with thickness to the increasing of conduction electron density N e . The increase of reflectivity with the thickness increase shown in figure 7(c) in the near-infrared range can be attributed to the increase of conduction electron density N e , which has been reported in literature. Hövel et al reported that the decreasing conduction electron density N e and reflectivity in the Au films when the film thickness is decreasing [42] . Jo de Vries et al took the rise of N e in Ag films as an indicator of the increasing amount of metal [37] . Olmon et al has also reported that the voids in the films can cause lower conduction electron density [51] . Although the increasing of plasma energy can also be attributed to the decreasing of electron effective mass m * , the variation of effective mass m * is usually interpreted as the variation of conduction electron density N e [52] .
In the early stage of continuous film formation, as the film growth from 6.8 to 10 nm, the increase of the conduction electron density N e is due to the significant rise in compactness of Cu films. When the thickness of Cu film becomes larger than 10 nm, the increase conduction electron density N e become slower due to the slower increase in film compactness during continuous film growth. Consequently, a similar increasing trend of the plasma energy as shown in figure 10(a) can be observed. Besides, another possible reason for the irregular increase of plasma energy might be attributed to the presence of little oxygen in the sample, which is not detectable for XRD. It is worth noting that the plasma energy of Cu bulk reported in [53] is 8.4 eV, which is slightly larger than the extracted values in our analysis. This indicates the rationality of the thickness dependence of the plasma energy E p observed in our analysis. Further, the relaxation time τ Drude =ÿ/Г Drude is increasing with the thickness, as shown in figure 10(c) , which evidently indicates the growing metallicity of the Cu films.
Although the sputtered Cu films have been identified as polycrystalline according to the results observed by TEM, no noticeable changes in the grain size of these Cu films are observed. Thus, the thickness dependency of the grain boundary scattering can be negligible. Considering that the electron-phonon scattering, the electron-electron scattering, and the electron-defect scattering are independent of the thickness, τ bulk can be regarded as a constant. Thus, the thickness dependence of τ Drude can be attributed to the thickness dependence of τ surface . By fitting the dielectric function of Cu bulk reported in [45] based on the proposed parameterized-oscillators model, the relaxation time τ Drude can be determined as 10.57 fs. Using the surface relaxation time τ surface =37.51 fs of Cu bulk reported in [39] , the bulk relaxation time τ bulk of Cu bulk can be determined as 14.72 fs. Correspondingly, the surface relaxation time of these Cu thin films can be calculated, as shown in figure 11 . The monotonic increasing of the surface relaxation time τ surface as shown in figure 11 indicates that the surface scattering of conduction electrons has decreased with the thickness increasing.
In addition, the resistivity γ have been calculated from the fitting coefficients in Drude oscillator and shown in where ÿ, ε 0 and e are the reduced Planck constant, the vacuum dielectric constant and the electron charge, respectively. According to the results shown in figure 10(d) , the resistivity is monotonically decreasing with the thickness increasing, which implies the monotonic increasing of the DC conductivity. Thicker films show more and more obvious metallic characteristics.
In above analysis, a comparison between the thicknesses achieved by the proposed method and the ones reported by AFM and TEM has been firstly carried out, and the relative deviations is less than 3.5%, which can be regarded as a demonstration on the accuracy of the thickness measurement of the proposed method. Then, the dielectric functions of Cu films obtained from our method have been compared with the dielectric function of bulk Cu qualitatively, and the variation trend of thickness-dependent dielectric functions of Cu films achieved is rational. Some electronic parameters such as the plasma frequency, the relaxation time and the DC resistivity obtained from the dielectric functions have also been compared with the parameters of bulk Cu, and their variations to the thickness changes are also reasonable. These results indicate the dielectric functions measured by our method are reliable. More importantly, the proposed method has successfully decoupled the strong correlation between the thickness and the dielectric function of metallic thin film, with the outputs of the accurate thickness comparable to the results reported by AFM and TEM and the reliable dielectric functions of Cu thin films in one measurement.
Conclusions
In summary, we propose a synergic method based on ellipsometric parameters and reflectivity in a broad spectral range of 0.73-4.96 eV, which enables the simultaneous accurate determination of the thickness and the dielectric function for the metallic thin film using one SE. The proposed method consists of a point-by-point synergic regression analysis on the ellipsometric parameters and the reflectivity as well as an oscillator-parametrization regression analysis on the ellipsometric parameters. A Drude oscillator, two TaucLorentz oscillators and a Lorentz oscillator are used to describe the intraband, the interband and the plasmon contributions to the dielectric functions, respectively. In comparison with the onestep regression method based on multi-angle ellipsometry, the proposed method exhibits improvements in sensitivity and robustness in determining uniqueness solutions. Comparing to a series measurement results reported by AFM and TEM on copper thin films with different thickness, the relative bias of thin film thickness achieved by the proposed are less than 3.5%, which verifies the validity and the accuracy of the proposed method. We also found that both the real part ε 1 and the imaginary part ε 2 of the dielectric functions decrease with the increasing Cu film thickness in the range of 6.8-12.9 nm, while both the plasma energy and the Drude relaxation time increase monotonically with the increasing film thickness. These rational phenomena observed demonstrate the proposed method as well.
